Seed priming has been suggested to improve germination performance under temperature or water stress. The objective of this study was to develop an optimal osmopriming protocol for spinach (Spinacia oleracea L. cv. Bloomsdale) seeds and examine its effect on the germination performance at suboptimal and supraoptimal temperatures, and under water stress. Standard germination tests at optimal germination temperature (10°C) was conducted to evaluate performance of 'Bloomsdale' spinach seeds primed in sixty different priming treatments arising from various combinations of osmoticum (PEG 8000 concentration), priming temperature and priming duration. Germination performance was evaluated by final germination percentage, germination rate, and uniformity. An optimal priming protocol was selected and used to test seed germination performance at suboptimal (5°C) and supraoptimal (20°C) temperatures, and three levels of water stress (-0.8, -1.2, and -1.6 MPa). Priming at -0.6 MPa at 15°C for 8 d was the optimal protocol for osmopriming 'Bloomsdale' spinach seeds. This treatment also improved seed stress tolerance by improving germination performance at 5 and 20°C, and water stress of -0.8 and -1.2 MPa.
Introduction
Seed priming is a presowing seed treatment that improves seed performance by increasing germination rate and uniformity. Priming exposes seeds to imbibition in low external water potentials that allows seed partial hydration (Bradford, 1986) . In general, seed hydration during germination entails three distinctive stages: phase I, or imbibition stage, is largely a consequence of the matric forces, and water uptake occurs in either dormant or non-dormant, viable or non-viable seeds; phase II, is a lag phase with little net water uptake but considerable metabolic activities that prepare viable nondormant seeds for radicle emergence; phase III is marked by a sharp increase in water uptake coupled with radicle protrusion and growth (Bewley and Black, 1994) . Seed priming enables a relatively prolonged phase II (compared to the water absorption of unprimed seeds in a typical germination process), which, presumably, includes specific mechanism(s) that are promotive of rapid and uniform germination (Nascimento et al., 2001) .
Seed priming may also increase the seed or seedling tolerance to stress. Seeds of Solanum lycopersicum (Pill et al., 1991) , Cynodon dactylon (Al-Humaid, 2002) , and Cucumis sativus (Passam and Kakouriotis, 1994) exhibited increased final germination percentage in a saline environment after priming with polyethylene glycol (PEG). Seed priming has also improved seed germination and seedling establishment under extreme temperatures and drought conditions (Carpenter and Boucher, 1991; Pill et al., 1994a; Szafirowska et al., 1981) .
Spinach (Spinacia oleracea L.) is an annual cool season crop, usually planted in the early spring when soil temperature is relatively cold. Seed germination and early seedling establishment are most vulnerable to chilling, drought, and freezing, presenting a challenge in spinach production (Ashraf and Foolad, 2004) . Imbibitional injury is a major concern during germination, e.g. rapid water absorption by dry seeds results in membrane irregularities, such as folds, prominences, and circular holes (Hoekstra et al., 1999) . These perturbations can be exacerbated by chilling due to the inhibition of membrane reorganization that is required during imbibition (Bramlage et al., 1978) , and may compromise germination performance, manifested by a low final germination percentage, germination rate, and uniformity.
Spinach seed germination can also be inhibited at supraoptimal temperatures that favour the secretion of germination inhibitors from the pericarp (Suganuma and Ohno, 1984) . Mechanical removal of the pericarp promoted germination in spinach at supraoptimal temperatures; however, above 25°C, germination rate and final germination percentage (FGP) decreased even after the removal of the pericarp (Atherton and Farooque, 1983a) . Atherton and Farooque (1983b) determined the optimal osmopriming conditions to improve spinach seed germination at the supraoptimal temperature (30°C) to be -1.25 MPa PEG at 10°C for fourteen days (d). However, Masuda and Konishi (1993) found a FGP of less than 50% at 25°C in spinach seeds primed with a similar protocol (at -1.3 MPa and 10°C for 14 d). Masuda et al. (2005) suggested pretreating spinach seeds with sulfuric acid followed by osmopriming, halopriming, or sea water priming to reduce their sensitivity to high temperatures. However, spinach seeds of different sizes responded differently to acid scarification (Masuda et al., 2005) , increasing the variability of germination performance within the same seed lot. Under such a scenario, a different priming protocol may be needed to improve spinach seed germination performance at supraoptimal temperatures.
Water stress is another critical environmental factor that restricts seed germination. Desiccation tolerance, acquired by orthodox seeds during the late embryogenesis stage, is progressively lost during germination (Senaratna and McKersie, 1983; Koster and Leopold, 1988) . Using the survival rates of germinating Pisum sativum seeds dried into different moisture contents, Reisdorph and Koster (1999) demonstrated that different seed moisture levels were correlated with different degrees of dehydration injury, such as the moisture content at incipient injury versus that at which most seeds were injured. A similar study with nine diverse species also indicated that the loss of desiccation tolerance (estimated by germination performance of seeds with variable initial moisture status but desiccated uniformly) was correlated with seed moisture status, i.e. most hydrated seeds were most injured (Daws et al., 2007) . Thus, water stress could be detrimental or even lethal to the germinating seeds, especially if it occurred when the seeds were hydrated beyond a critical moisture content.
While a different priming protocol may be needed to improve spinach seed germination at supraoptimal temperatures, little work has been done on investigating the effect of seed priming on seed germination performance at low temperatures. A comprehensive study comparing the different priming conditions is, therefore, needed to develop an optimal protocol and test its effects on the tolerance of germinating seeds to environmental stresses.
The objective of the present study was to develop an optimal osmopriming protocol, which would improve germination of spinach seeds under both favourable and stressful conditions. A standard cultivar of spinach, 'Bloomsdale', was selected for this investigation. Germination performance was evaluated by final germination percentage, germination rate, and uniformity. An ideal osmopriming protocol should result in a high final germination percentage, germination rate, and uniformity. Moreover, primed seeds were expected to outperform unprimed seeds under a stressful germination environment, such as sub-and supraoptimal germination temperatures, and water stress.
Materials and methods

Materials
Spinach seeds (Spinacia oleracea L. cv. Bloomsdale) were procured from Stokes Seeds, Inc. (Buffalo, NY). Thirty randomly selected seeds within a 9-cm-diameter petri dish constituted an experimental unit for all experiments. Seeds were surface sterilized by soaking in 0.6% sodium hypochlorite (v/v) for ten seconds (s), followed by three 10-s rinses in the sterile distilled, deionized (dd) water, and then dried.
Determining the optimal germination temperature Surface-sterilized seeds were germinated in 9 cm diameter petri dishes with four layers of paper towel moistened with 5 ml of sterile dd water. Petri plate covers were sealed with parafi lm. Paper towels were maintained at uniform moisture by adding the same volume of dd water at the same time in each petri dish as needed. Standard germination tests were conducted at 5, 10, 15, and 20°C in dark. Three replicates of 30 seeds each were evaluated at each germination temperature. Germination was defi ned as protrusion of a visible radicle to ≥ 1 mm. Daily germination percentage was recorded and subjected to statistical analysis.
Determining the optimal osmopriming protocol
A three-way factorial experimental design was used to compare different priming conditions. Surface-sterilized seeds were osmoprimed at 10, 15, or 20°C in darkness for 4, 6, 8, or 10 d at -0.4, -0.6, -0.8, -1.0, or -1.2 MPa with PEG 8000 solutions.
The osmotic potentials of priming agents were determined according to Michel (1983) . The priming treatments were carried out in 9 cm diameter petri dishes with four layers of paper towel moistened with 5 ml of the PEG solution, with three replicates of 30 seeds each per treatment. After priming, the seeds were washed in dd water for two
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minutes (min), and dried for 48 h at 25°C to the original moisture content (~9-10%) as the unprimed seeds and immediately used for germination tests.
Primed and unprimed control (UPC) seeds were also surface sterilized, and germinated (in 9 cm diameter petri dishes as described above) at the optimal germination temperature (determined previously) in the dark. Final germination percentage (FGP), germination rate, and germination uniformity were recorded to evaluate germination performance. Germination rate (T 50 ) was defi ned as days needed to reach 50% of FGP. Germination uniformity (T 10-90 ) was defi ned as days needed for 10% of FGP to 90% of FGP. Priming treatments that provided a relatively higher FGP, lower T 50 , and lower T 10-90 compared to the unprimed seeds and that from the other priming treatments (osmotic potential × temperature × duration) were considered as optimal.
Germination tests under temperature-stress
Seeds were osmoprimed using a selected optimal protocol. After priming, seeds were washed and dried following the procedures described before. The osmotic potential of the PEG 8000 solution was measured before and after the priming by using a vapour pressure osmometer (VAPRO 5520; Wescor Inc., Logan, UT). Priming-control (PC), defined as seeds treated at the same priming temperature and duration but without the priming agent, and UPC seeds were included in all germination tests. Primed, UPC, and PC seeds were germinated at 5°C (suboptimal germination temperature), 10°C (optimal), or 20°C (supraoptimal). FGP, T 50 , and T 10-90 were recorded and compared among the three groups.
Germination tests under water stress
Primed, UPC, and PC seeds were germinated at 10°C at three levels of water stress: -0.8 MPa, -1.2 MPa, and -1.6 MPa (imposed by PEG 8000 solutions at 0.236, 0.292, and 0.339 g ml -1 , respectively). FGP, T 50 , and T 10-90 were recorded and compared among the three treatments.
Data analysis
Data from all experiments were analyzed using the general linear models (GLM) procedure and the least significant difference option of Statistical Analysis System software version 9.1.3 (SAS Institute, Cary, NC).
Results
Optimal germination temperature
Seed germination performance (i.e. FGP, germination rate and uniformity) was in general inferior at 5 and 20°C (figure 1). At 20°C, although the germination rate and uniformity was higher (T 50 of 6 d and T 10-90 of 4.6 d) compared to that at 10 and 5°C (T 50 of 7.8 d and T 10-90 of 6.2d at 10°C, and 13.9 d and 11.8 d at 5°C), the average FGP was less than 50%.
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At 5°C, visible radicle protrusion was observed 9 d after water imbibition, when the germination percentage at the other three temperatures were already 35.6% (20°C), 52.2% (15°C), and 54.4% (10°C).
Seeds germinated at 10°C had a germination percentage of 86.7%, which was higher than the other three temperatures (40%, 64.4%, and 75.6% at 20, 15, and 5°C, respectively) (p < 0.05). The highest germination rate was observed at 15°C (T 50 of 6.2 d), which was not different from that at 20°C but higher than that at the other two temperatures (7.8 d and 13.9 d at 10 and 5°C, respectively). Similarly, the greatest germination uniformity was observed at 20°C (T 10-90 of 4.6 d), which was not significantly different from that at 15°C (5.5 d) but higher than that at the other two temperatures (6.2 d and 11.8 d at 10 and 5°C, respectively). However, T 10-90 between 15 and 10°C were not significantly different. Although based on the combined results of FGP, T 50 , and T 10-90 , 10-15°C appeared to be the optimal temperature range for germination of 'Bloomsdale' spinach seeds, the FGP at 15°C was significantly less (p < 0.05) than that at 10°C (64.4% vs 86.7%). Thus, 10°C was adjudged to be the optimal temperature for all germination tests in this study.
Optimal priming conditions
Based on comparative evaluation of FGP, T 50 , and T 10-90 data generated for a total of sixty priming protocols in the present study, the priming protocols were divided into three groups, represented by "poor germination", "unimproved germination", and "improved germination" (table 1) . Priming protocols yielding inferior germination performance based on at least one of the three parameters, i.e., resulting in either lower (FGP) or higher (T 50 or T 10-90 ) than unprimed seeds (p < 0.05), were defined as the "poor germination" group. 
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Similarly, protocols that significantly improved at least one of the three parameters (higher FGP, lower T 50 , or lower T 10-90 ), while keeping the other two not inferior to unprimed seeds, were defined as the "improved germination" group. Lastly, protocols resulting in no significant difference in FGP, T 50 , and T 10-90 compared to unprimed seeds (p > 0.05) were identified as the "unimproved germination" group. There were no significant differences among priming protocols within the same group. For ease of understanding, three representative protocols (one from each group) were selected and are presented in Table 1 , and -0.6 MPa at 15°C for 8 d (-0.6×15×8) representing "poor", "unimproved", and "improved germination" group, respectively, were selected for comparison (see "Results" and table 1). Unprimed control (UPC) seeds were used as comparison. Seeds from three priming treatments and UPC were germinated at 10°C. Data presented are means with standard errors from three replicates containing 30 seeds each. T 50 was defined as days needed to reach 50% of FGP. T 10-90 was defined as days between 10% and 90% of FGP.
figure 2: -0.4 MPa at 20°C for 10 d ("poor germination" group), -1.2 MPa at 10°C for 4 d ("unimproved germination" group), and -0.6 MPa at 15°C for 8 d ("improved germination" group). Treating seeds with -0.6 MPa PEG 8000 at 15°C for 8 d was determined to be an "optimal" osmopriming protocol for 'Bloomsdale' spinach seeds, since it resulted in a greatest FGP, and lowest T 50 and T 10-90 among the total sixty treatments (p < 0.05). The osmotic potential of priming agent (PEG 8000) was also measured before and after 8-d of priming. No significant difference was observed between the two measurements (-0.6 MPa and -0.7 MPa, respectively).
Germination of primed and unprimed seeds under temperature-stress
Germination performance of UPC and PC seeds were not different (p > 0.05) at 5°C (chilling) or 20°C (supraoptimal). However, primed seeds resulted in a 16% greater FGP than UPC seeds at 5°C, whereas at 20°C primed seeds had an average FGP of 55% that was 30% greater than UPC seeds (table 2) . Moreover, T 50 and T 10-90 of primed seeds were reduced by ~7 d and ~3 d, respectively, compared to UPC seeds at 5°C (table  2) . Similarly, T 50 of primed seeds was reduced by 5 d at 20°C, but T 10-90 was not different from the unprimed seeds (table 2) . 
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Germination of primed and unprimed seeds under water stress
Germination performance of UPC and PC seeds were not different (p > 0.05) under any of the three levels of water stress. When germinated at -0.8 MPa, the FGP of primed seeds was not different compared to PC and UPC seeds, but germination rate and uniformity of primed seeds were greater than the two controls (p < 0.05) (T 50 of 11 d and T 10-90 of 15 d in primed seeds compared to 17.7 d and 18.3 d, respectively, in UPC seeds) (table  3) . At -1.2 MPa, primed seeds had a higher FGP and lower T 50 than UPC and PC seeds (p < 0.05), but T 10-90 of primed seeds was not different from the two controls (p > 0.05) (table 3 ). Germination at -1.6 MPa PEG was most severely inhibited and almost no seed germination was observed in either of three treatments (data not shown). At -0.8 MPa PEG 8000, primed, UPC, and PC seeds exhibited greater FGP, and lower T 50 and T 10-90 compared to seeds germinated under the other two water stresses (table 3) . The inhibition of germination brought by -1.2 MPa PEG was greater than -0.8 MPa (table 3) .
Discussion
Optimal priming protocol Seed priming prolongs phase II of the germination process, where considerable metabolic activities take place that prepare germinating seeds for radicle emergence, such as DNA repair (Boubriak et al., 1997) , DNA replication, β-tubulin accumulation (Bino et al., 1992; De Castro et al., 1995) , and mobilization of storage proteins (Job et al., 1997) . 
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Thus, primed seeds with a prolonged phase II are likely more prepared for germination than unprimed seeds. However, an improper control of seed priming may result in negative effects on germination. For example, 60% of pretreated seeds of Beta vulgaris failed to germinate when primed at -2.0 MPa and 25°C for 14 d by PEG 8000 (Capron et al., 2000) . We made a similar observation in our study of 'Bloomsdale' spinach seeds where seeds primed at -0.4 MPa and 20°C for 10 d had a reduced FGP of 59.2% when germinated at 10°C compared to unprimed seeds with an FGP of 83.3% (figure 2). Capron et al. (2000) suggested that improper control of seed partial hydration may cause degradation of protective proteins (such as LEA), and render the primed seeds desiccation-intolerant. In our study, spinach seeds were dried for 2 d after priming before being used for germination tests. Thus, the inferior germination (at -0.4 MPa and 20°C for 10 d) may have been, in part, due to drying of desiccation intolerant seeds.
We also found priming protocols that resulted in unimproved germination compared to unprimed seeds (such as at -1.2 MPa and 10°C for 4 d) (table 1, figure 2). Water uptake is expected to be greatly reduced when seeds are primed at a low osmotic potential, relatively cooler temperature and for a short priming duration. Therefore, we suggest that primed seeds exhibiting an unimproved germination may not have experienced partial hydration period that was sufficiently long to allow germination-promoting metabolism during the phase II.
In the present study, priming seeds at -0.6 MPa at 15°C for 8 d clearly improved germination by increasing germination rate and uniformity, and maintaining a high FGP (figure 2). Thus, this protocol was used as the optimal priming protocol for germination tests under stress conditions. The present study is the first to provide an optimal osmopriming protocol to improve germination of spinach seeds, specifically 'Bloomsdale' cultivar. This study also provides an experimental framework for determining optimal Table 3 . Comparison of final germination percentage (FGP), germination rate (T 50 ) , and germination uniformity (T 10-90 ) of primed, PC, and UPC seeds under different levels of water stress. Water stress was imposed by PEG 8000 solutions of two osmotic potentials: -0.8 and -1.2 MPa. Spinach (Spinacia oleracea L. cv. Bloomsdale) seeds were primed with -0.6 MPa PEG 8000 at 15°C for 8 d, and dried at 25°C for 48 h. Standard germination tests were conducted at 10°C. T 50 was defined as days needed to reach 50% of FGP. T 10-90 was defined as days between 10% and 90% of FGP. 
protocols for other spinach cultivars and plant species. For example, a similar priming protocol was used by Pill et al. (1994b) to test seed germination performance of Echinacea purpurea. In their study, metrically and osmotically priming seeds for 10 d at -0.4 MPa and 15°C resulted in highest germination percentage, rate, and uniformity among the total eight protocols examined (Pill et al., 1994) .
Seed priming increases temperature-stress tolerance
Osmopriming improved 'Bloomsdale' spinach seed germination performance at 5°C as indicated by higher FGP and lower T 50 and T 10-90 (table 2) , indicating an improved chilling tolerance. Reports from other species, such as Capsicum annuum (Pandita et al., 2007) and Momordica charantia (Lin and Sung, 2001) , also suggested that priming improved seed germination at suboptimal temperatures. We incorporated two sets of control in this study: UPC and PC seeds. The only difference between PC and UPC seeds lies in a pre-treatment of PC seeds at 15°C for 8 d without partial hydration. To exclude the possibility that priming temperature may influence germination independently rather than through controlling seed partial hydration, we compared the germination performance between UPC and PC seeds also at the suboptimal temperature. No difference was observed between the germination of UPC and PC seeds, suggesting that seed partial hydration is likely the primary regulator of improved chilling tolerance. The mechanism of priming-induced improvement of seed germination at suboptimal temperatures is unclear. However, several metabolic changes in primed seeds have been suggested to correlate with improved tolerance of suboptimal temperatures, such as increased activities of antioxidant system (Bailly et al., 2000; Posmyk et al., 2001 ) and glyoxylate cycle (Lin and Sung, 2001) , and further development of embryo during priming (Lin and Sung, 2001; Pandita et al., 2007) .
Our data indicated that osmopriming also resulted in a significant improvement of seed germination at 20°C (a supraoptimal temperature) by increasing 'absolute' FGP by 12.6% (~30 % gain on a relative scale) and lowering T 50 by 5 d (~65% gain in germination speed) compared to that of UPC seeds at the same temperature (table 2) . However, the germination performance of primed seeds at 20°C was inferior to those germinated at 10°C (optimum temperature): the average FGP of primed seeds germinated at 20°C was 55% compared to 86.2% at 10°C (table 2) . This reduction in germination performance might be akin to "thermoinhibition" (Atherton and Farooque, 1983b; Leskovar and Esensse, 1999) . It is conceivable that at supraoptimal temperature, the germination was restricted by germination inhibitors. Pericarp of spinach seed has been reported to be a source of water-soluble germination inhibitors particularly at relatively higher temperatures (Suganuma and Ohno, 1984) . These authors further suggested that 'thermoinhibition' might also be mediated by the pericarp acting as a physical barrier to oxygen uptake (Suganuma and Ohno, 1984; Leskovar and Esensse, 1999) . Improved germination of primed 'Bloomsdale' spinach seeds at supraoptimal temperature may be associated with leaching of germination inhibitors during osmopriming in PEG 8000 solution, as also suggested by Heydecker (1977) . Atherton and Farooque (1983b) also proposed that osmopriming spinach seeds at lower temperatures (such as used in the present study, i.e. 15°C) enabled the completion of metabolism that was beneficial for
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germination whereas such metabolism was perhaps inhibited at high temperatures, hence an improved germination performance of primed seeds at supraoptimal temperatures. Our observations are consistent with this explanation (table 2) .
There are contradictory reports in literature on the optimal osmopriming protocol that improves spinach seed germination at high temperatures. Atherton and Farooque (1983b) were able to increase the FGP of spinach seeds at 30°C to above 80% by priming at -1.25 MPa and 10°C for 14 d, whereas Masuda and Konishi (1993) observed an FGP of less than 50% at the same temperature using a similar protocol. It was suggested that an osmopriming treatment alone was not sufficient to improve spinach seed germination at warmer temperatures, and that combination of acid scarification (to remove pericarp) and priming could potentially be more effective (Masuda and Konishi, 1993) . Masuda et al. (2005) later reported a significant increase in FGP of spinach seeds (to more than 80% at 30°C) that were both scarified and osmoprimed. We found a significantly improved germination at 20°C by only priming 'Bloomsdale' spinach seeds at -0.6 MPa and 15°C for 8 d (table 2) . Although the stress temperature used by Masuda and Konishi (1993) was 10°C greater than ours, the optimal germination temperature of the spinach cultivar used in their study ('Jiroumaru') also was 10°C greater than ours. Therefore, it is possible that our osmopriming protocol could indeed improve germination performance even at 30°C of 'Jiroumaru' spinach seeds.
It is noteworthy that primed seeds had a greater FGP at 5°C than at 20°C (table  2) . Perhaps, the generation or transport of germination inhibitors by pericarp might be restricted under low temperatures, thus allowing better germination performance by the primed seeds under chilling conditions than at high temperatures.
Seed priming increases tolerance to water stress
Orthodox seeds acquire desiccation tolerance in the late embryogenesis stage, and gradually lose this ability upon water imbibition. Our results indicate that priming 'Bloomsdale' spinach seeds with -0.6 MPa PEG at 15°C for 8 d enhanced desiccation tolerance in germinating seeds: at -0.8 MPa desiccation stress, primed seeds exhibited improved germination rate and uniformity while improved FGP and germination rate were observed at -1.2 MPa stress treatment (table 3) . A similar finding was reported for Helianthus annuus seeds where hydropriming at 25°C for 48 h improved germination rate under osmotic stresses imposed by PEG and sodium chloride (Kaya et al., 2006) . Moreover, improved germination and radicle growth under salinity also were observed in Sorghum bicolor seeds primed with -0.86 MPa PEG at 15°C for 48 h (Patanè et al., 2009) , a similar osmopriming protocol as used in the present study. Thus, proper priming may possibly increase seed tolerance to reduced water uptake caused by either water stress or salinity. It is possible that osmopriming initiates certain protective mechanisms against desiccation stress. For example, Hu et al. (2006) found that priming enhanced the activities of antioxidant systems and reduced malondialdehyde accumulation in seeds germinated under salinity. Environmental stresses such as low temperatures, salinity, and drought are known to cause excessive accumulation of reative oxygen species and lipid peroxidation in plants (Mittler and Zilinskas, 1994) . It is possible that improved desiccation tolerance of primed seeds may, in part, be due to more robust antioxidant systems.
